Previous workers have reported that proflavine and acridine orange form various structurally different complexes with the dinucleoside phosphates rCpG and dCpG, with uniform C3'-endo and mixed C3'-endo (3'-5 r ) C2'-endo sugar puckers being observed. We present theoretical calculations, based on the method of molecular mechanics, which support the experimental observations. The results suggest that the mixed C3'-endo (3'-5') C2'-endo pucker conformation is intrinsically more stable than the uniform C3'-endo conformation, but that the additional stabilisation gained from specific, hydrogen bonding, interactions between nucleic acid and solvent, or intramolecularly within the nucleic acid, can lead to the adoption of the latter conformation, or of variants between the two. The role played by hydrogen bonding between proflavine amino-groups and nucleic acid phosphate appears more subtle than previously supposed.
INTRODUCTION
The binding of small molecules to nucleic acid to produce intercalated complexes has been the subject of much investigation since Lerman 1 first proposed a model for the interaction between acridines and DNA. This model involves extension of the nucleic acid double helix so as to double the separation of base pairs at the binding site, simultaneously unwinding the helix in the vicinity of the site. The acridine molecule is then inserted, or intercalated, into the space provided, stacking approximately parallel to the base pairs on either side.
Subsequent experimental work has defined more closely the possible structural properties of the intercalated complex including the unwinding angle at or near the intercalation site, the puckering of the ribose or deoxyribose sugar groups and the torsional angles along the ribophosphate backbone, as well as the disposition of the intercalated molecule within the binding site. In addition, a neighbourexclusion principle (see for example reference (2)) has been observed, whereby only every other site along a polynucleotide helix can be occupied.
Crystal structure analyses performed on dinucleoside phosphate analogues of the DNA complex have shown the existence of at least two different types of conformation. Sobell 3 has studied an rCpGiacridine orange complex which possessed mixed C3'-endo (3'-5') C2'-endo sugar pucker and had a relatively large unwinding angle (properties which are also apparently present in ellipticine and ethidium complexes), and an / CpG:proflavine complex which had uniform C3'-endo sugar pucker and a
Whilst it is difficult to say how well the results of structural analyses performed on dinucleoside phosphate complexes (which are considerably more flexible than a continuing polynucleotide helix) can be applied to DNA complexes, the data on these small-scale analogues provides the most detailed information currently available on the intercalation phenomenon.
The question we wish to address in this paper is whether the varying conformations observed in these different complexes indicate significant differences in the intrinsic properties of the intercalating agents and dinucleoside phosphates involved, or whether they are merely examples of a family of conformations whose relative stability is determined by external factors such as the water and ion content of the crystals studied. We use a theoretical approach to investigate the properties both of the observed conformations and also of alternative structures which have not to date been found, in order to determine the preferred conformation for each system and the extent of its stability.
Various workers have attempted theoretical studies on the intercalation phenomenon in order to
determine the structural attributes which give rise to the observed properties. Most of these have considered the flexibility of the nucleic acid backbone; if anything, their studies have been characterised by the diversity of results obtained. Alden and Arnott studied models of di-and tetra-nucleotide systems to determine the characteristics of intercalation sites compatible with adjacent A-12 and B-DNA. 13 They found that the most acceptable results showed mixed C3'-endo (3'-5') C2'-endo pucker and a helical unwinding of 18° spread over three residues if the continuation had a B-like conformation, or uniform C3'-endo pucker and little unwinding if it had an A-like conformation. Miller 14 studied deoxyribose tetranucleotide systems, generating a wide range of conformations and evaluating their internal energies using a mixed quantum mechanical and empirical technique. Acceptable models demonstrated the mixed C3'-endo (3'-5') C2'-endo pucker and fell into two classes with different helical unwinding, consistent with experimental data. Dearing 15 modelled the process of helix extension in a trinucleotide fragment constrained to form part of a continuing helix, and found that a wide range of models could be produced both with common and unusual sugar puckers covering the whole range of helical unwinding angles observed experimentally; he was unable to find a pathway from an unextended conformation to one with adjacent extended sites, and hence violating neighbour exclusion, regardless of the puckers or helix unwinding adopted. Berman, 16 who used an interactive graphics display to con-struct intercalation models for dinucleoside phosphate systems, has suggested that the choice of sugar pucker is, in this case, not in itself critical.
MOLECULAR MECHANICS
The calculations we describe here were carried out using a general purpose set of computer programs 17 which enabled us to construct models of the molecular systems in desired conformations and to refine these models automatically using a calculated potential energy as a measure of optimality. The energy is calculated using a set of empirical terms which represent bond-stretching and bending, disper- parameter values and atomic charges for the atoms contained within the nucleic acid will be published elsewhere 19 and the additional terms needed to model the intercalators are given in figure 1 along with atomic charges for these atoms calculated using the CNDO/2 approximation.
Strictly speaking, the energies calculated by this method correspond to gas-phase interactions, which are not, to say the least, the most relevant quantities from a biochemical point of view. Unfortunately, it is not at present practical to model the solvent environment around the complexes adequately, without carrying out Monte Carlo or molecular dynamics calculations in which both solvent and solute are allowed to relax. Monte Carlo calculations have been carried out on complex systems (for example (20) ) but these allowed only water coordinates to change. In addition, the technique is expensive and not yet easily applicable. An alternative approach, including only those waters located crystallographically in a conventional molecular mechanics energy refinement, is inappropriate because of the differences both in degree of solvation and degree of refinement of the crystallographic data for the systems considered here. Instead, we attempt to assess the importance of solvation effects, if not to represent them reliably, by performing each numerical refinement with three different force fields:
(1) has a dielectric constant e, y -r,j, the interatomic spacing. This has the effect of reducing electrostatic interactions between groups which are far apart, and which are therefore likely to be separated by water molecules;
(2) has a dielectric constant e u -4r, y . This damps electrostatic interactions very strongly, giving the bulk dielectric constant for water at 20; and (3) has the same dielectric constant as (2) and in addition ignores dispersion (van der Waals)
terms between hydrophilic atoms.
The rationale for using a variable dielectric constant is discussed by Hopfinger 21 and for modifying the overall dispersion interaction by Premilat and Maigret. 22 To some extent, the use of these different force fields avoids the problem of defining precisely how a solvent environment does affect an interaction, whilst allowing us to determine how sensitive our results are to the nature of that environment. In going from (1) to (3), we are modelling an increasingly polarisable solvent.
PROCEDURE
We considered the following model structures:
(1) dCpG with a B (w } }6) structure ignoring solvent and externally bound dye molecules where given. We also ignored the iodine atoms in models 5 and 6, assuming that structural differences between hydrogenated and iodinated forms would be minimal and well taken care of by the numerical refinement. We generated a total of four complexes for models 5 and 6, and two for model 7, the additional forms having proflavine occupying acridine orange sites or vice-versa (by adding or deleting methyl groups as necessary) and (for models S and 6) deoxyribose groups replacing ribose groups (by deleting the hydroxyl groups at atom C2). In addition, a limited number of calculations were performed using Berman's coordinates for proflavine:CpG, 10 to check that no bias was being introduced by using the (less well refined) data of Sobell.
The published crystal structures do not include hydrogen positions. Our molecular mechanics force field, in common with those of some other groups, does not explicitly consider hydrogen atoms bonded to carbon, but does consider those bonded to hetero-atoms. Necessary hydrogen atoms were added to the models, with standard 19 bond-lengths and angles, and, where necessary, the torsional angles were adjusted to values which would facilitate hydrogen bonding or alleviate steric strain. It proved necessary to adjust only the angle C3-C2-O2-H to about 330° in each ribose group at the 5' end of the helix in rCpG models, in order to direct these hydrogen atoms away from the intercalation site and towards the adjacent C3 hydroxyl.
These models, fourteen in all, were used as starting points for numerical refinement by the molecular mechanics software described above. (Refinement was necessary, not so much because the starting conformations were unreasonable, but more to adjust each of these conformations to a common basis. It would not have been correct merely to base our analyses on the calculated energies of the starting conformations, since the structure determinations were probably subject to different errors and the observed conformations were certainly due partly to different crystal packing and solvation forces which are not represented in our calculations.) The structure of each complex was refined three times using force fields (1) to (3), in each case until the calculation produced a (local) minimum energy conformation. Convergence was ensured by checking that the rms derivative of the energy function with respect to changes in atomic coordinates was less than 0.1 kcal "', and that the relative changes in atomic position and energy value in the last stages of the refinement were small.
RESULTS
There were no significant differences between the results obtained from refining models based on Sobell's proflavine:/ 5 CpG and Berman's proflavine:CpG structures, and to simplify the following analysis, we present only the results obtained from the first of these.
Initial and optimised energies for the complexes are shown in table 1. Tables 2 and 3 give a breakdown of the optimised energies in terms of intra-and intermolecular terms, and ing that the acridine orange complex will preferentially adopt a mixed C3'-endo (3'-5') C2'-endo pucker and (in two cases out of three) that the proflavine complex will adopt a uniform C3'-endo pucker. case, but is always closer in energy to the more stable form. The fact that attempts to refine a model containing acridine orange in a uniform C3'-endo site produce a final structure in which one strand has The results indicate that, on the basis of the internal (intra-residue) energies of the residues comprising the nucleic acid, the mixed C3'-endo (3'-5') C2'-endo conformation is intrinsically more stable than the uniform C3'-endo conformation (-27.4 kcal against -22.7 kcal, the difference coming mainly from the sugar residues at the 3'-hydroxyl end of the dinucleoside phosphates). (Energy values quoted in the text refer to dCpG models refined using force field 1 and are taken directly from table 3.)
However, when inter-residue interactions within the nucleic acid are examined, it is seen that these favour the uniform pucker, and the extra stabilisation is seen to be due to terms involving the hydroxyl group at the 3'-terminus and the phosphate oxygens (for example, -16.89 kcal and -12.59 kcal for groups 3 and 5, phosphate and hydroxyl respectively, with model 5 compared with -13.93 kcal and -2.98 kcal with model 6). In other words, hydrogen bonding is occurring between these two groups with the -intercalator overlap (-18.88-23.84-18.76-23.89 --85.4 kcal for the former and -88.7 kcal for the latter) and it is seen that (with a dielectric constant e y -r,j, at least) the overall intermolecular'interaction term is almost independent of geometry (-93.7 kcal against -93.6 kcal).
However, this stabilisation is compensated for by a decrease in base

DISCUSSION
It is probably important to emphasise once again that we are not proposing that the structures produced by optimisation, starting from crystallographically-determined coordinates, should be regarded as superior to the starting structures, nor that the typical change in energy of about 200-300 kcal mol' 1 on refinement should be taken to indicate an inherent instability of this order of magnitude in the published structures. The existence of crystal packing forces, counter-ions, etc, in the crystal structures will, in any case, modify the stability and conformation to some extent. The force field used in our calculations has been set up to model the behaviour of nucleic acid systems in a typical polar environment and appears to predict relative stabilities correctly (see also reference (19) which is concerned with the stabilities of different DNA sequences, and reference (25) on A-versus B-DNA). In view of the possible role of crystal forces, and the simplicity of our force field, differences between the crystallographic and our refined dihedral angles (table 4) of the order of 25° are certainly not unreasonable.
On the basis of the analysis given above, we conclude that the mixed C3'-endo (3'-5') C2'-endo conformation is the intrinsically more stable geometry for intercalation sites: this conformation has a somewhat larger binding site, allowing intercalation of more bulky compounds, has a lower energy for the residues making up the nucleic acid, and its greater unwinding leads to a larger stabilisation of the complex from stacking interactions between the intercalator and the base-pairs.
However, the preference for this geometry is not great, and is capable of being overcome by two types of hydrogen-bonding interaction. Firstly, suitable disposition of amino-groups on the intercalator can allow hydrogen bonding between these groups and phosphate, provided that the nucleic acid adopts a uniform C3'-endo sugar pucker. The extent of the stabilisation introduced in this way is approximately equal to the loss of stacking interactions between base-pairs and intercalator. Secondly, the ability of the terminal hydroxyl groups to undergo specific hydrogen-bond interactions can stabilise the uniform pucker conformation significantly. Our calculations have produced models in which this hydrogen bonding has been intramolecular, with the phosphate oxygens, but we can perhaps generalise this conclusion, especially in view of Neidle's work, 5 to say that a suitably ordered water cage around the complex can fulfill the same function as the nucleic acid phosphate in stabilising one conformation relative to another.
It is very illuminating that the one case where the calculations do not appear to give correct predictions is with the proflavine complexes modelled with force field 2 (dielectric constant e y = 4r u ). As noted above, the two factors which stabilise the proflavine complex with model 5 are proflavinephosphate and intra-nucleic acid hydrogen bonds. Increasing the dielectric constant reduces these interactions, since hydrogen bonding terms are modelled using an electrostatic approach, and thus preferentially stabilises the model 6 complex. Changing from force field 2 to force field 3 reduces the stacking contribution, which had preferentially favoured intercalation into model 6. Force field 3 therefore gives the same qualitative prediction as force field 1, because we have reduced both hydrogen-bonding (favouring model 5) and stacking (favouring model 6) interactions.
Finally, we note that these results demonstrate once again the care which should be taken before results obtained from dinucleoside phosphate complexes are used to predict the properties of polynucleotide complexes. Since our analysis has shown the crucial role played by terminal hydroxyl groups in determining the stable conformation, due allowance must be made when predicting the properties of those parts of a larger system which lack these "end-effects".
SUMMARY AND CONCLUSIONS
To summarise:
(1) Calculations have shown that the mixed and uniform pucker conformations are comparable in energy, but that there is a preference for the mixed pucker geometry with acridine orange, and for the uniform geometry with proflavine. (4) The implication is that the mixed geometry will generally be preferred, except when hydrogen bonding and/or the detailed water structure act against it.
The conclusion that the mixed and uniform pucker conformations are comparable in energy is perhaps trivial, since these are both observed experimentally. However, we believe that the rationalisation of the results in terms of the relative magnitudes of the energy components is new. In particular,
we have demonstrated that the important factors which stabilise intercalation complexes with the mixed sugar pucker are the internal energy of the nucleic acid and the stacking interactions between drug and intercalator. Drug-nucleic acid and intramolecular nucleic acid hydrogen bonding interactions can, on the other hand, stabilise the structure with uniform sugar pucker.
We also hope to have demonstrated the usefulness of using energy refinement methods as a complement to model building methods, such as employed by others. 12 -13 - 16 Model building studies determine allowed geometries, but often do not give insight into which of the (perhaps many) is likely to be the most stable. We do not claim to be making precise energy estimates here, but feel that the general agreement with experiment found here and elsewhere lends credibility to the techniques used.
It is also encouraging that our calculations based on crystal structures from two independent laboratories give consistent results -the Neidle 5 structure with one chain adopting a mixed pucker and the other adopting a uniform pucker has an energy intermediate between the wholly mixed and wholly uni-form dinucleoside phosphate complexes of Sobell et al. 3 What do we have to say at this point regarding the discussion in the literature concerning the sugar pucker and structure at the intercalation sites? Recall that Sobell has favoured 11 a mixed pucker whilst Berman 16 has noted that a uniform sugar pucker is entirely reasonable. Our calculations seem to indicate that the mixed conformation is to be preferred, except when specific hydrogen bonding terms can play a role, and the experimental results of Neidle 5 also indicate an important role of differential solvation in this preference. Since our calculations were done on a dinucleoside phosphate model, and even here the mixed sugar pucker appeared generally more favourable, we expect that intercalation into the interior (ie away from any free ends) of a nucleic acid will also favour this
geometry.
An important proviso in the above statements concerns the role of stacking. This favours the mixed pucker for the three-ring chromophores studied here, but will be relatively less important for small two ring intercalators such as 4-nitroquinoline N-oxide, 26 and for substances like daunomycin 27 which cannot stack as effectively between the bases.
There has also been debate on the biological relevance of modelling dinucleoside phosphate complexes or performing crystallographic studies on these systems. We feel that studies on dinucleoside phosphates could be as relevant as those on polynucleotides whe'n one is considering a biological activity near replicating DNA. Obviously, one needs a precise delineation of the similarities and differences between intercalation in the centre and at the ends of double helices, and to know the dependence of each of these on base sequence and on the precise intercalating drug. We are continuing our studies along these lines, focusing on the intercalation of ethidium bromide, 4-nitroquinoline N-oxide and daunomycin, and on the energetic basis of the neighbour exclusion principle.
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